A relationship has been observed between increasing ethanol content in gasoline and increased particulate matter (PM) emissions from direct injection spark ignition (DISI) vehicles. The fundamental cause of this observation is not well understood. One potential explanation is that increased evaporative cooling as a result of ethanol's high HOV may slow evaporation and prevent sufficient reactant mixing resulting in the combustion of localized fuel rich regions within the cylinder. In addition, it is well known that ethanol when blended in gasoline forms positive azeotropes which can alter the liquid/vapor composition during the vaporization process. In fact, it was shown recently through a numerical study that these interactions can retain the aromatic species within the liquid phase impeding the in-cylinder mixing of these compounds, which would accentuate PM formation upon combustion. To better understand the role of the azeotrope interactions on the vapor/liquid composition evolution of the fuel, distillations were performed using the Advanced Distillation Curve apparatus on carefully selected samples consisting of gasoline blended with ethanol and heavy aromatic and oxygenated compounds with varying vapor pressures, including cumene, p-cymene, 4-tertbutyl toluene, anisole, and 4-methyl anisole. Samples collected during the distillation indicate an enrichment of the heavy aromatic or oxygenated additive with an increase in initial ethanol concentration from E0 to E30. A recently developed distillation and droplet evaporation model is used to explore the influence of dilution effects versus azeotrope interactions on the aromatic species enrichment. The results suggest that HOV-cooling effects as well as aromatic species enrichment behaviors should be considered in future development of predictive indices to forecast the PM potential of fuels containing oxygenated compounds with comparatively high HOV.
Introduction

I
n most internal combustion engines (ICEs) the complex energy conversion process begins with the injection of a liquid fuel followed by the atomization and vaporization of the fuel, which then must mix with air before finally reacting via combustion converting the chemical energy of the reactants into heat and then work. Each step in this thermodynamic process plays an important role in ensuring that the chemical energy is converted to work efficiently with minimal emission of harmful pollutants. In spark ignition (SI) ICEs it is critical for the fuel and air to mix prior to the initiation of the spark which commences combustion.
A uniform mixture is less likely to auto-ignite (i.e. engine knock) and results in minimized emissions of soot, NOx, and unburned hydrocarbons (UHC) [2, 3] . In direct injection spark ignition (DISI) engines, the fuel is injected directly into an air filled combustion chamber rather than in an intake port. DISI has advantages stemming from evaporative cooling effects that can provide increased resistance to knock and allow for higher mass loading of reactants into the cylinder creating additional boost and fuel efficiency. However, to ensure a high degree of mixing between the reactants prior to combustion, the spray must vaporize quickly and completely before the mixture is ignited. As such, in modern engines that employ these injection strategies, the spray and evaporation process can play an enormous role on the engine performance and emissions, especially particulate matter (PM) emissions.
Motor vehicles emit fine particulate matter (PM) as products of incomplete combustion. PM emissions are primarily composed of soot and soluble organic compounds which can be toxic and contribute to global warming [4, 5, 6, 7] . Mitigating PM emissions from gasoline (SI) engines has recently become an important issue and challenge. The two key aspects of a fuel which define its propensity to form PM in an SI engine are (1) its chemical pathways or kinetics which lead to soot and (2) its volatility which effects its ability to mix with the air [8, 9] . Fuels which have a high C/H ratio provide a greater tendency to produce PM because of their tendency to form polycyclic aromatics hydrocarbons (PAHs), especially the case for molecules in the aromatic hydrocarbon moiety [10] . Sooting indices, such as the threshold sooting index (TSI) and the yield sooting index (YSI) have been developed to identify the chemical potential of a particular species to form soot/PM [11, 12] . However, even compounds which have a low TSI or YSI value can still form PM if combusted in a rich environment resulting from slowed evaporation and improper mixing. As such, modern DISI engines, where time for the air and fuel to mix is reduced compared to port injection strategies, tend to exhibit higher PM emissions [13] . For hydrocarbon based fuels these two behaviors can be estimated by relatively simple to measure properties and combined to predict the fuel's potential to form PM in standard engines.
Through empirical methods, the Particulate Mass Index (PMI) was derived which is used to predict the PM potential of a fuel used in SI engines. In general, the PMI is a calculation which uses the fuel composition and the fuel's individual constituent's properties such as volatility and fuel structure to predict the fuel's potential to generate PM in SI engines [14] . More specifically, PMI is a mass weighted function of the volatility and double bond equivalence (DBE) of each species in the mixture (Eq. 1). The DBE, which is a marker of a molecule's carbon bond saturation and C/H ratio, represents the chemical potential of that particular component to form PM whereas the vapor pressure at 443 K, P v (443 K), is used to describe the constituent's ability to evaporate and mix in a timely manner. Aikawa et al. validated the PMI method of predicting PM using port injected vehicles [14] . Khalek et al. validated the method with DISI vehicles and three pump gasolines, one of which contained ethanol [9] . Though PMI has proven to be effective at predicting a fuel's potential to form PM, especially when the fuel contains no or little (less than 15%) oxygenates, PMI has demonstrated less consistency to predict the PM emission potential of fuels which include moderate
levels of biofuel compounds, often under predicting the actual PM emissions of these blends.
Biofuels are increasingly used to reduce life cycle greenhouse gases (GHG). Gasoline (including ethanol blends) is responsible for 23.7% of the United States' CO2 production, and is a major focus for reducing CO2 emissions [15] .
Ethanol is by far the most prolific biofuel, constituting 79.8% of the U.S. biofuel energy consumption, and currently provides 6.4% of the energy consumed by gasoline vehicles [15] . Some studies have shown that ethanol can reduce lifecycle greenhouse gas emissions compared to gasoline [16, 17] , and that increasing ethanol content in gasoline blends would provide a decrease in greenhouse gas emissions.
Studies have demonstrated increased knock resistance for intermediate gasoline ethanol blends [18, 19, 20, 21] . Chupka et al. found that research octane number (RON) increases with ethanol content, but diminishing returns were observed for ethanol concentrations exceeding 30% by volume [18, 22] . This makes E30 of particular interest, as it requires less ethanol to produce than high ethanol blends (E50 to E85), while achieving most of the knock-resistance benefits. These results are mirrored by dynamometer experiments by Leone et al. demonstrating that splash blended E30 could improve compression ratios substantially compared to E10 (from 10:1 to 13:1 for the 3.5 L turbocharged DISI engine tested) [23] . Despite the increased compression ratio, the splash-blended E30 allowed for higher mean effective pressure and manifold pressure across the entire engine speed range. Note that match blending for RON allowed for no benefits to compression ratio, mean effective pressure, or manifold pressure, implying that they are a result of the anti-knock properties of ethanol. They estimated that this change would result in a 6-9% improvement to CO2 emissions with little change to MPG fuel economy, which was improved over E10 in some cases. Other E30 experiments with the same engine yielded similar results [24] .
In addition to the knock resistance effects of ethanol described by the RON, which is measured with a carbureted engine [22] , further knock resistance is provided in a DISI engine as a result of charge cooling, which is enhanced by the high HOV of ethanol [18, 19, 21, 25] . At 25 °C, the HOV for ethanol is 924 kJ/kg while that of gasoline ranges from 350-400 kJ/kg [26] . Kasseris et al. found that the charge cooling effect of direct injection was equivalent to a 14 °C cooler intake temperature when compared to port injection for E0 [21] . In the case of E50, this effect was greater than a 30 °C difference in intake temperature. This cooling effect was equivalent to increasing the fuel octane by 5 for E0 and by 13 for E50 (effective octane number (RON + MON)/2), demonstrating that DISI engines are uniquely able to leverage the properties of intermediate ethanol blends to reduce knock and increase effective compression ratios [27] .
While E30 has not been determined to be suitable for existing gasoline engines [28] , it is being investigated to enhance the performance of purpose-built engines. Splitter et al. compared the performance of E30 (100.3 RON) to isobutanol 24 (IB24, 96.6 RON) and E0 (90.2 RON) in an engine with either a 9.2 compression ratio for E0 (appropriate for E0) and 11.85 for all fuels (appropriate for E30 and IB24) [29] . E30 at a compression ratio of 11.85 provided the highest brake thermal efficiency of the fuels tested, and allowed the highest load for a given engine speed, including E0 at 9.2 compression ratio, effectively doubling the torque capability for the high compression ratio case. Increases in compression ratio and knock-limited load would allow for downspeeding and downsizing of engines beyond what is possible with E0. However, such engines would not be able to utilize E0 effectively, and would not be flexibly fueled.
Nakata et al. investigated the performance benefits of intermediate ethanol-gasoline (111 and 92 RON, respectively) blends on a port injected engine [30] . Blends of E0, E10, E20, E50, and E100 were compared. It was found that ethanol blending reduced both charge and combustion temperature, which reduced cooling losses and thus increased thermal efficiency and torque. The improvements to torque showed diminishing returns at E50 and higher ethanol content, due to ignition advance reaching maximum brake torque (MBT) without being knock limited. Of these blends, E20 achieved the most optimal specific fuel consumption (SFC). Studies have also shown that ethanol increases flame front speed and early flame development [20, 31, 32, 33] . Improvements in combustion dynamic may increase torque at high rpm.
In most cases, past research has shown that ethanol reduces PM emissions [19, 32, 34, 35, 36, 37, 38] . Generally it is observed that for fuels with low ethanol content, in the range of E0 to E15, ethanol content has minimal impact on PM emissions. At high ethanol concentrations, such as E85, a reduction in PM emissions has been observed, likely due to dilution of PM precursors such as olefins and aromatics.
However, PM emissions have been observed to be increased by ethanol in some cases, particularly in DISI engines due to increased impingement relative to port injection [1, 39, 40, 41] . Of particular note is intermediate blends (e.g. E20 to E40) [19, 39, 42] , although increases have been observed for low and high ethanol blends as well. Maricq et al. compared sooting behavior in diffusion flames for E0, E20, E50, and E85 blends, and little difference between E0, E20, and E50 was observed [43] . As sooting is predominantly a product of diffusion flames, this implies that for intermediate blends, the prevalence of diffusion flames resulting from improper fuel mixing is more predictive of PM emissions than the fuel chemistry. Storey et al. conducted a DISI study comparing PM emissions between E0 and E20, and found that ethanol decreased PM emissions [37] . However, when they compared E0 and E30 in a different study with the same engine, it was found that E30 resulted in higher particulate mass and lower particulate number than E0 [44] . Chen et al. observed a significant increase in particulate mass and particulate number (PN) for E10 compared to E0 for a DISI engine [41] . These blends used Shell PURA test gasoline as a blendstock, which has 22% aromatics by volume. The study concluded that this was likely due to ethanol's high enthalpy of vaporization. Chen et al. did a follow up study with the same blendstock for various blends between E0 and E85 [40] . Particulate mass and particulate number were found to increase with ethanol content.
Butler et al. found that an intermediate ethanol concentration resulted in a different correlation between measured PM and PMI in some vehicles tested. In the case of the 1.8 L Honda Civic, the correlations found for E0 and E10 would under predict the measured PM of E20 [1] . This is shown in Figure 1 . While this result did not apply to all vehicles in the study, inconsistency between PM and measured PMI suggests that volatility and double bond equivalence are not the lone chemical and thermophysical properties that are dominant in the formation of soot in SI engines. Note that this differs from results obtained by Ratcliff et al. using a DISI engine [19] , which found that ethanol did not influence PM emissions, and that PMI was predictive of both particulate number and particulate mass for ethanol containing fuels. In this study, PM decreased as a function of ethanol content, as PMI would predict. Although, it should be noted that higher than expected PM (as suggested by PMI) was noticed for anisole containing fuel blends stemming from these molecule's shorter kinetic pathways to PAHs.
The cause of the high PM emissions for intermediate blends in some studies is not well understood. As Chen et al. postulated, one plausible cause is the enthalpy of vaporization of ethanol [38, 41] . The high HOV may lead to significant cooling of the spray or the cylinder environment, slowing evaporation and increasing droplet lifetimes. Increased lifetimes could increase PM due to either increased impingement, or a less homogenous fuel-air mixture at the start of combustion. Impingement in a direct injection engine can result in films with higher concentrations of low volatility species than the neat fuel, thus leading to diffusion flames with high molecular weight species, which would ultimately result in increased PM [1, 39] . Ethanol and other oxygenates can have non-ideal vapor liquid equilibrium (VLE) effects, such as azeotropes, when blended with gasoline. These effects change not only the volatility of the overall mixture, but preferentially affect the volatility of certain groups and species. This alters the evolution of the vapor and liquid composition over time, and may cause the enrichment of certain species in either the liquid or vapor phases.
In a recent work, Burke et al. numerically demonstrated that the high HOV of ethanol can lengthen droplet evaporation times in a transient engine environment and suppress aromatic evaporation leading to aromatic species enrichment within the evaporating liquid droplet [45] . Expanding on this work, in this study, experimental volatility measurements using the Advanced Distillation Curve approach are collected for designer fuels with varying ethanol and aromatic species concentrations (and vapor pressures). These results aim to demonstrate how ethanol-influenced VLE can affect the composition evolution of an evaporating fuel, with a particular focus on understanding how azeotrope interactions can lead to aromatic enrichment, which may be partially responsible for previously reported observations of increased PM with increased ethanol content. Using a recent distillation curve and droplet evaporation model, a numerical study is performed to explore the coupling of increased HOV and the altered VLE of the fuel with increased ethanol fuel concentrations. Results are presented and the relative influences of these phenomena as it pertains to the PM formation potential of the fuel are discussed.
Experimental Method
Liquid Fuel Samples
The Fuel for Advanced Combustion Engines (FACE B) gasoline was used in all distillation curve measurements and analysis. FACE B is a well-characterized gasoline with similar properties to a midgrade gasoline from a pump, as shown by its research octane number (RON) of 96, but with a much simpler composition and more volatile heavy fractions, with a temperature at 90% volume distilled (T90) of approximately 120 °C and a final boiling point (T99) of only 139°C [46] . The complete composition of the FACE B can be described by the identification of approximately 30 primary species. The complete composition of the FACE B fuel used in this study was measured using a Detailed Hydrocarbon Analysis (DHA) [47] and is provided in Appendix A. FACE B was blended with 15% and 30% ethanol by volume, these blends are referred to E15 and E30. To study the impact of azeotropes on aromatic species evolution, the E0, E15, and E30 fuels were doped with 10% (by volume) aromatic hydrocarbon species. The blended aromatic species used were cumene, p-cymene and 4-tert-butyltoluene and were chosen to cover a wide range of volatilities, as seen in Table 1 . In addition, the E0, E15, and E30 fuels were doped with oxygenated species, including anisole and 4-methylanisole, which were chosen to match the vapor pressures of the aromatic species (cumene and p-cymene). In addition to being potential bio-fuel candidates, the heavy oxygenated species were chosen to explore the impact of chemical structure on added interactivity with the ethanol (as opposed to volatility) and its effect on the VLE of the mixture. The boiling points, P v (443 K), molecular weight, and DBE of all blended compounds are provided in Table 1 . Carbon disulfide was used as the solvent for all the chemical analyses.
Advanced Distillation Curve Measurement
The Advanced Distillation Curve (ADC) apparatus and method was used for all distillation curve measurements [48, 49, 50] . In brief, a temperature controlled heating mantle is placed around a boiling kettle consisting of a 500 ml round bottom flask. The heating mantle assembly sits on a magnetic stirrer that drives a magnetic rod within the kettle to ensure a uniform composition and temperature within the boiling mixture. The temperature of the liquid in the kettle and vapor in the distillation head (just before the entrance to the condenser tube) is monitored with 2 K-type thermocouples. These thermocouples continuously record the temperature using a data acquisition (DAQ) system. The condenser tube is chilled with a 10% ethylene glycol water solution maintained at 5 °C. This apparatus is equipped with a custom sampling adapter between the condenser tube and a volumetric receiver to withdraw samples of the distillate during the distillation process. The condensed liquid collects in a calibrated volumetric receiver which measures the distilled liquid volume. The receiver is cooled by chilled air from a vortex tube at 2 °C to help prevent vapor loss. For safety purposes, nitrogen gas is used inside the apparatus to create an oxygen-deprived environment and prevent potential for ignition.
Each distillation experiment is conducted by first loading 200 ml of the desired fuel blend into the distillation kettle. Heating is commenced and the kettle and the distillation head temperature is recorded at a sampling rate of 1 Hz. The heating mantle temperature is continuously adjusted such that it leads the measured boiling fluid temperature by 25 °C. This ensures an even heating throughout the distillation process and a constant distillation rate. Once boiling is achieved, the head temperature will rapidly increase marking the fluid's initial boiling point. The initial boiling temperature (IBT) is determined using previously reported data processing techniques, as described below [51] . The first drop occurs shortly after the sharp change in the head temperature when condensate is noticed to drop into the volumetric receiver. At every 10 mL distilled (or 5% volume distilled) the boiling liquid temperature in the kettle (along with the time) is recorded and used to create an accurate distillation curve. Distillation curves for each mixture are measured twice to ensure repeatability. Though multiple attempts were carried out to prevent evaporative volume loss, there were still small losses observed during the distillation. Material loss, as determined by comparing the recovered volume to the initial volume, never exceed 2% of the initial volume. Nevertheless, this loss was assumed to occur at the onset of boiling of the lightest components, thus all data have been shifted to account for any evaporated material. Furthermore, all distillation measurements were carried out at elevation in Golden, CO at an average atmospheric pressure of 82.2 kPa. All data reported herein represents the raw measurement and has not be shifted to account for the reduced pressure environment at which the measurements were taken. The IBT of the gasoline-ethanol mixture is difficult to observe and measure without a second thermocouple located in the distillation head [51] . The initial spike in head temperature, after the mixtures start to boil, provides a reference point. A subset of data which includes one hundred seconds before and after the reference point (i.e. 200 data points) are used to fit a tenth order polynomial. The second derivative of the polynomial is plotted versus time and the maximum location (corresponding to the maximum curvature) is used to identify the time of initial boiling of the fuel. The liquid kettle temperature corresponding to this time is then referenced to mark the initial boiling temperature. The boiling temperatures corresponding to every 5% volume distilled are combined with the IBT to construct the distillation curve.
Throughout the distillation process, samples of the distillate are taken using a specially design sampling hammock located between the condenser and the volumetric receiver [52] . Distillate is collected at first drop, 10%, 30%-70% (in increments of 10%), and 90% volume. The neat fuel sample and the residue in the kettle after the distillation are also sampled for analysis. Approximately 70 μL of each sample is withdrawn with a 100 μL syringe and inserted into a 2 mL vial containing 1 mL of carbon disulfide solution. For the analysis of the samples, the standard test method D6729 was used with the GC-FID [47] . The GC-FID data from each of the samples are imported into Hydrocarbon Expert 5 [53] , a program used to identify the composition of the samples. The program identifies the present species using a pre-programed retention time index and quantifies their composition by integrating the signal (peak area) recorded by the GC-FID. Calibration was performed with ethanol, anisole, and 4-methyl anisole to determine their relative response factors which is used by the software to correlate a peak area percent to a mass fraction. For all hydrocarbon species present in the FACE B, the pre-programmed RRFs were used as they proved to be highly accurate in measuring the composition of a hydrocarbon mixture.
The transient molar specific HOV, H fg , of the mixture as it evaporates is measured using a linear summation of each individual component's HOV multiplied by their mole fraction (y i ) (Eq. 2). Similar techniques were applied to determine the distillation dependent molecular weight which was used to determine mass specific HOVs. The distillation and droplet models were set up to accept the resulting DHA of the neat fuel samples as an input for the initial condition of the simulation.
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Simulation Description
Distillation Model-UNIFAC Details of the distillation model can be found in previous work [45] , thus only a brief description is provided here. The prediction of the distillation curves of a complex fuel is carried out by solving the set of differential equations which describe the change of the liquid mole fraction for each individual species with respect to a given change in the total liquid mole fraction. These differential equations, derived from vapor-liquid equilibrium (VLE) expressions combining Raoult's Law and Dalton's Law, are solved iteratively for a given increment of evaporation (defined by the change in mixture liquid mole fraction) until the convergence criteria or equilibrium is met, such that the sum of all species vapor pressures equals the total pressure of the system. The model can account for nonideal vaporization experienced in liquid mixtures containing van der Waals interactions stemming from the presence of polar species (typical of many oxygenated biofuel compounds) by incorporating an interaction term (γ i ) in to the determination of the VLE constant (Eq. 3). If liquid molecular interactions are negligible, the interaction term γ can be ideally assumed to be unity.
A Newton-Raphson Method is used to find the liquid temperature which dictates each species' vapor pressure to satisfy the convergence equilibrium condition [54] . Vapor pressure for each individual species is calculated using coefficient lookup tables based on DIPPR equations, as previously described [45, 55] .
For cases when ethanol is present in the mixture, the UNIFAC group contribution theory is used to quantify the gamma term present in the VLE expression (Eq. 3) [54, 56] . The term which describes the effect that the polarity of one structure has on the VLE of another are empirically derived and tabulated for varying molecular structures/bond types. The gamma activity coefficient required for each species is also temperature dependent and thus must be iteratively determined as a solution converges to equilibrium. As such, the inclusion of UNIFAC theory greatly increases the compute time for a distillation curve.
A similar composite sum weighted approach, as described above in Eq. 2, is carried out to quantify mixture HOV, molecular weight, and density from the composition predicted by the distillation curve model. The temperature dependent physical properties of each individual species are calculated with the empirical relationships provided in DIPPR [55] .
Temperature dependent vapor pressure are critical property data needed for the distillation curve and droplet models. There was a lack of vapor pressure data for the 4-methyl anisole available in the DIPPR database, as such, this data was measured using a variable pressure ADC apparatus/procedure [50] . The ADC environment containing ~100 ml of liquid 4-methyl anisole was sealed and vacuumed to 10 kPa. Pressures were then increased in a step fashion and the fluid was allow to boil at each pressure. The boiling temperature versus pressure for the 4-methyl anisole was then used to fit a modified Antoine curve which was used in the simulations. The measured vapor pressure versus temperature and modified Antoine fit to the data for 4-methyl anisole are included in Appendix B.
Droplet Evaporation Model
Details of the droplet evaporation model can be found in previous work [45] , thus only a brief description is provided here. In brief, the droplet evaporation model applies an energy balance to the previously described distillation curve simulation and uses mass diffusion rates to define the transients of the system. The sensible heat of the droplet is balanced by heat conduction and the latent heat of vaporization. As this is zerodimensional, composition and temperature within the droplet is assumed to be uniform, a reasonable assumption for conditions which exist during the fuel injection of a DISI engine [57] . Mass diffusivity is determined using a mixture average approach utilizing the molecular weight of the fuel vapor-air mixture surrounding the droplet.
It should be noted that this general droplet model is not representative of an actual engine environment as it does not include convective transport phenomena and associated turbulence as well as temperature and concentration gradients experienced within the cylinder. Nevertheless, this model does allow one to compare fuel mixtures and explore the role of physical properties, VLE and HOV, on the influence of droplet lifetimes and droplet compositions. These comparisons can then be used to possibly explain any differences in observed tailpipe PM emissions between a set of fuels.
Results
Distillation Curve Analysis
The set of distillation curves for all mixture containing the heavy aromatic compounds (i.e. cumene, p-cymene, and 4-tertbuty toluene) are provided in Figure 2 , sorted by ethanol content of the base fuel (i.e. E0, E15, and E30). To allow for inter-plot comparisons, the FACE B -E0 curve is provided in each plot. Sorting the data in this manner allows for comparison between the mixtures containing the different additives. Obviously, the T90 values in each of the distillation curves increase corresponding to the decreasing vapor pressure of the additive used (cumene → p-cymene → 4-tertbutyl toluene). Going from cumene to p-cymene and to 4-tertbutyl toluene, the final boiling temperatures increase each time by approximately 20 °C.
The distillation curves for all the p-cymene containing mixtures are plotted together in Figure 3 . This allows for an easier comparison between mixtures with varying ethanol content. From Figure 3 , it is clear to see the influence of ethanol on the depression of the boiling temperatures early in the distillation curve (as compared to the E0 mixtures).
Ethanol in the E15 mixtures suppresses the boiling temperatures until ~ 50% volume distilled and until nearly 80% volume distilled for the E30 mixture. The decreased boiling temperatures occur when ethanol is present in the boiling fluid mixture and are a result of the positive azeotropes created between the ethanol and the hydrocarbon compounds. As soon as the ethanol is completely evaporated, boiling temperatures rapidly increase to catch up to the corresponding boi ling temperatures in t he E0 distillation curve.
Using the sampling feature of the Advanced Distillation Curve approach, the composition of the distillate was FIGURE 2 Experimentally measured distillation curves for all heavy aromatic containing mixtures sorted by ethanol content, E0 (top), E15 (middle), and E30 (bottom). FACE B -E0 blend is provided in each figure for reference. All measurements were taken at an average pressure of 81.2 kPa. measured to explore the influence of ethanol on the evolving chemical makeup of the boiling fluid. As a representative case, the distillate composition signified by three primary components, ethanol, iso-octane, and the aromatic additive, for all the cumene containing fuel blends as a function of volume distilled are depicted in Figure 4 . A few interesting phenomena can be observed in Figure 4 . First, the fall of ethanol concentration occurs at the same locations of the rapid rise in boiling temperatures observed in the distillation curves, further indicating the role of ethanol on the suppressed boiling temperature behaviors. Secondly, it can be seen that while ethanol is present in the boiling mixture, it suppresses the vaporization of the other species, including iso-octane and the aromatic additive. This is indicated by the sudden bump in the species concentration immediately after the ethanol has been exhausted. Lastly, it can be seen that increasing the initial ethanol concentration leads to an enrichment of the aromatic species at the tail of the distillation curve. Particularly noticeable, when moving from the E15 mixture to the E30, the cumene mass fraction in the distillate at the 90% distilled volume fraction increases by more than 40%. It should be noted that all the mixtures with each aromatic additive exhibited similar ethanol influenced aromatic enrichment behavior.
This behavior related to the aromatic enrichment will be discussed in more detail later.
Heavy biofuel oxygenated additives were chosen with nearly identical vapor pressures and normal boiling points as the heavy aromatic species and tested in a similar fashion to explore whether additional interactivity between the ethanol and a heavy oxygenated compound could influence VLE. Distillation curves for the 10% anisole and the cumene mixtures are provided in Figure 5 . The E0 and E15 blends for the two additives provide nearly identical distillation curves. However, as the initial ethanol content is increased to E30, discrepancies are noticed in the turning point marking the moment during the distillation at which ethanol is exhausted from the boiling fluid. The anisole appears to retain the ethanol in the boiling fluid longer than the cumene, most likely as a result of added interactivity.
The distillation dependent composition (ethanol and additive) of the mixtures containing 4-methyl anisole are provided in Figure 6 . The ethanol and additive concentration for the p-cymene -E30 mixture is also included for comparison. The enrichment behavior as noted earlier for the aromatic additives is also observed for the heavy oxygenated species.
Comparing the additive mass fraction between the p-cymene -E30 and the 4-methyl anisole -E30 blends, a nearly 20% greater enrichment for the 4-methyl anisole compound is observed compared to that of the p-cymene.
Distillation Curve Modeling Results
The distillation curve simulations were carried out for all of the same mixtures that were experimentally tested. The predicted distillation curve and distillate compositions are plotted alongside the corresponding experimental measurements for the p-cymene containing fuel mixtures in Figure 7 . Overall, there is good agreement between the predicted and measured boiling temperatures and distillate composition. Although difficult to see in Figure 7 (bottom) because of the relative steep gradients in the p-cymene mass fraction curve, the distillation predictions also identify the same additive enrichment behavior as observed experimentally.
There are a couple primary reasons why an increase in initial ethanol content may result in the heavy additive enrichment. The first, stems from the fact that ethanol being a lighter species will influence the early part of the distillation and push the vaporization of the heavy additives towards later in the distillation curve as a result of volatility difference. The second reasoning is that ethanol may interact with the non-aromatic species aiding in their preferential vaporization thus causing the additives to be retained in the liquid phase longer than would be expected. The utility of a numerical simulation is that one can turn on and off parameters to carry out a sensitivity analysis and gain insight regarding the physics of a particular behavior. Another utility is that a simulation can also provide data that is difficult to measure, as for example the transient boiling liquid composition. In an attempt to better understand causes leading to the enrichment of the additive species previously noted, a numerical study was carried out by computing the distillation dependent additive mass fraction in the liquid sample for (1) the realistic case where the interaction parameter is determined using the UNIFAC approach and (2) the case where the gamma term is set ideally to unity (i.e. neglecting liquid intermolecular interactivity). Comparing the ideal to the non-ideal VLE cases will help determine whether the volatility effect is responsible and/or an azeotrope driven preferential vaporization effect is dominant on the observed enrichment.
The liquid additive mass fraction at the 90% volume fraction distilled for each fuel blend determined using ideal and non-ideal (UNIFAC) approaches are provided in Figure 8 . Both the ideal and the UNIFAC simulations result in additive enrichment as ethanol is increased. This signifies that that the volatility driven dilution effect plays a significant role. However, the liquid mass fraction of the additive is always greater in the E30 blends for the simulations accounting for liquid molecular interactions (UNIFAC) as compared to the ideal case. This suggests that, though maybe not the dominant effect, a preferential vaporization phenomenon does partially explain the enrichment of the heavy additives as initial ethanol concentration is increased in the fuel. Furthermore, the differences appear to be greater as the vapor pressure of the additive is increased, likely a result of an increased overlap between the ethanol and the additive species (or compounds with similar volatility) and thus more molecular interaction at/near VLE. Finally, the oxygenated additives display very different trends as compared to the corresponding aromatic additive with FIGURE 7 Comparison between the experimentally and simulated distillation curves (top) and the experimentally measured and predicted distillate composition (bottom) for the p-cymene containing fuel blends. All measurements and simulations were carried out at an average pressure of 81.2 kPa.
© SAE International FIGURE 8 Predicted additive mass fraction in the boiling liquid at 90% volume distilled. similar vapor pressure. Most notably is the anisole, which has a lower 90% volume distilled liquid mass fraction without ethanol for the UNIFAC case as compared to the ideal simulation result. This may be due to the anisole having interactions with the lighter hydrocarbon species in the FACE B causing it to be preferentially evaporated. However, as ethanol in increased the opposite trend is observed for the anisole mass fraction, signifying that ethanol maybe preventing the anisole molecule from interacting with the lighter hydrocarbon species and preferentially evaporating ultimately leading to the anisole enrichment.
The measured and predicted distillate composition were used to determine the distillation dependent HOV of the fuel blends (Eq. 2). Comparisons between the modeled and measured HOV for the p-cymene fuel mixtures are provided in Figure 9 . Clearly, the HOV is significantly greater (nearly by a factor of two) while ethanol in present in boiling fluid. In addition, the predicted HOV matches trends and magnitudes well with the measured values. The following section discusses the influence of ethanol on droplet lifetime and compositions for the matrix of fuel blends. As such, the HOV is an important term in the energy balance required to describe the droplet temperature and subsequent vapor pressure.
Droplet Model Results
Modeling the evaporation process of a droplet while accounting for an energy exchange is more representative of the processes that occur in a DISI engine. Furthermore, investigating the dynamics of a droplet also allows one to explore the influence of ethanol's high HOV on droplet lifetimes along with enrichment phenomenon which may help explain recent observations possibly linking ethanol to increased in-cylinder PM formation. The time dependent droplet temperature and droplet diameter (normalized by the initial droplet diameter, D o = 25 μm) is plotted in Figure 10 for the FACE B mixtures (i.e. no additive) and the cumene containing fuel blends. The simulations were run in a constant temperature/pressure environment of 315 K and 1 atm. The initial droplet temperature was set to 25 °C. A 25 μm initial droplet diameter was selected as this represents a nominal value in a typical DISI fuel delivery system [58] . Droplet lifetimes, marked by the point at which 99.99% of the initial liquid mole fraction has been evaporated, are increased (nearly by a factor of 2) with the addition of 10% cumene as a result of the decrease in the overall volatility of the fuel. Interestingly, for a given fuel additive, as ethanol concentration is increased the droplet lifetimes also increase. Given that the droplet vapor pressure is a strong function of the droplet temperature, these increase in droplet lifetimes with the addition of ethanol may be explained by the transient droplet temperature, which is reduced by 10-15 °C when ethanol is present in the liquid droplet and remains depressed longer as the initial ethanol concentration is increased. Droplet lifetimes are tabulated for all of the test fuels in Table 2 and show similar trends as in Figure 10 for the different additives.
The transient liquid additive mass fraction as well as total mass remaining in the droplet are plotted in Figure 11 for the cumene containing fuel blends. The total additive mass thus takes into account both any enrichment effect previously discussed, as well as, slowed droplet evaporation due to increased mixture HOV. Similar to the distillation curves, there is a slight enrichment of the cumene mass fraction in the droplet (between 40-60 ms) as ethanol is increased, however, more pronounced is the effect of the initial ethanol concentration on the total mass of the cumene in the same time span. At the time corresponding to the droplet lifetime of FACE B -E0 (48.5 ms), the total mass of cumene in the liquid droplet is increased by approximately 50% from the E0 blend to the E30 blend. The total additive masses at the reference time marked by the droplet lifetime of the FACE B -E0, for each of the other additive compounds are plotted in Figure 12 . Interestingly, the total mass of all the additives increase with increasing initial ethanol concentration with the most significant increases coming for the additives with the highest vapor pressure (cumene and anisole).
Summary/Conclusions
Distillation curve measurements and droplet simulations were carried out for a carefully designed test fuel matrix to help explore recent observations noticing increased PM emissions for moderate to high ethanol containing fuels. Distillation curve measurements identified an enrichment behavior in which the heavy aromatic or oxygenated species concentrations increased at the tail of the distillation curve as the initial ethanol fuel concentration was increased. A numerical study carried out with a recently developed distillation curve model suggests that azeotrope interactions with the ethanol plays a small role in contributing to this enrichment behavior, especially when the volatility of the aromatic species is closer to that of ethanol. The increased volatility of the mixture when ethanol is present appears to play a more significant role in the enrichment of the heavy species. Droplet simulations carried out for the same fuel mixtures indicate that both the slowed evaporation as a result of the increased HOV when ethanol is present along with the enrichment behaviors noted in the distillation curve can result in significantly more aromatic mass remaining in the liquid phase when the initial ethanol concentration is increased. These results suggest that for fuels when ethanol is present there is an increased potential for slower evaporation that could contribute to reduced fuel/air mixing and the result of locally fuel rich regions within the cylinder or fuel wall impingement that could lead to increased PM formation upon combustion. Furthermore, depending on the fuel composition, altered VLE when ethanol is present can potentially lead to the enrichment of species that possess a higher chemical kinetic potential to form soot/PM. Future work will include engine testing and PM measurements of the reported test fuel matrix to determine if correlations between the observed phenomenon reported here and PM formation exist. This data will help determine whether future strategies which will predict the PM potential of a fuel containing oxygenated biofuel species should include terms related to the HOV/VLE of a mixture to better represent the relationship of vaporization/mixing potential of the fuel on its PM emissions.
